The effect of ionising radiation exposure on dementia is approached by applying the causation models of John Stuart Mill and of Sir Austin Bradford Hill to mechanism and epidemiological evidence. Since ionizing radiation is known to kill brain cells in laboratory culture and to affect hippocampal neurogenesis in animal experiments at modest doses, it is reasonable to assume that exposure to radiation must affect neurological integrity and hence dementia rates in those who are exposed. There is persuasive evidence from the epidemiological studies of a large cohort of female nuclear workers that ionising radiation exposure is associated with significant low dose region dose-dependent increases in rates of dementia. Using results from these studies, the Probability of Causation approach (PC), conventionally employed for assessing cancer risk following radiation exposure, is extended to dementia to find a risk coefficient for all ages of 60 per Sievert cumulative exposure over the range 0 -100 mSv. The finding suggests that natural background external exposures to ionizing radiation are partly responsible for the development of dementia in human populations. A simple general model for dementia is proposed.
Introduction
Discussion of the health effects of ionising radiation (IR) has, until recently, focused on cancer and genetic damage as assessed largely through the concept of "absorbed dose" and rates of illness and congenital effects revealed by the Japanese Life Span Study (LSS) of the survivors of the Hiroshima and Nagasaki bombs. Indeed, the currently accepted cancer risk and genetic risk per unit dose C. Busby DOI: 10.4236/aad.2018. 72002 14 Advances in Alzheimer's Disease applied by governments, following advice from radiation risk agencies like the International Commission on Radiological Protection (ICRP), is largely based on the LSS [1] . The conclusions and the safety of the LSS studies will be revisited here. However, it is increasingly clear that IR exposures cause heart disease, and a wide range of other conditions. Indeed, evidence has accumulated to the effect that IR has an impact on most organs and systems of the body through what can be broadly described as "premature ageing" [2] . One of the most-age related and serious conditions increasingly found in human populations is dementia. Dementia, is now the 4th leading cause of death in the USA, the leading component of dementia being Alzheimers disease [3] . There is now considerable evidence that exposure to ionizing radiation can lead to the development of Alzheimers disease and to dementia [4] . Evidence includes results from high dose radiation therapy for brain tumours [5] [6] [7] but also from low dose exposures from e.g.
CAT scans and from studies of nuclear workers which will be discussed below.
The issue of causation, and the risk of dementia from IR are approached here through a consideration of mechanism, laboratory and epidemiological evidence, using the philosophy of causation as presented by the classic work of Mill [8] and Bradford Hill [9] .
Causation
Epidemiology of IR and health, presented by risk agencies, rarely discusses the philosophical basis on which their conclusions are drawn, even though the mathematical analyses employed to reduce the evidence to risk coefficients can be impressively complex and daunting, which confers a kind of spurious credibility to the conclusions. The attempts to torture mathematical risk functions to fit the data of the LSS studies may be seen in the approach of the US BEIR VII report [10] . The ICRP is more modest in its approaches and generally relies upon assessing risk through the assumption of a linear no threshold (LNT) function for dose response [1] in which doubling the dose doubles the risk over the whole range of doses from zero to those which cause the rapid death of the individual. This approach continues to be applied despite the clearly complex nature of data which generally shows greater proportionate risk at low doses relative to high doses for almost every type of cancer [11] and the clear impossibility of a linear effect when at the high doses there is death of both tissue and individual.
The genetic effects of IR are assumed to be absent in humans, despite animal studies showing quite clearly that they exist. This finding from the LSS study, which has implications for the dementia discussion, will be revisited also. It was peculiar that the finding of absence of genetic risk did not cause the LSS epidemiologists to look more closely at their protocols, assumptions and activities. Before turning to IR and dementia it may be of value to begin with a brief outline of the approach taken here to assess causation. The issue of causation and evidence was famously first examined some 150 years ago by the philosopher John Stuart Mill and laid out in what has become known as Mill's Canons [8] .
Mechanism

Indirect Link through Ageing
The issue of mechanism in the case of Alzheimers dementia was reviewed recently by Begum et al. [5] who concluded that since dementia was strongly associated with ageing, and IR also was known to increase the rate of ageing through the generation of Reactive Oxygen Species (ROS), there was a logical link between IR exposure and dementia. Significant evidence exists from the after-effects of radiation therapy suggesting that even low doses of IR, such as those from CAT scans, can trigger mechanisms associated with cognitive dysfunction such as that seen in normal ageing [14] [15]. Alzheimer's disease (AD), an irreversible neurodegenerative condition, accounts for up to 80% of dementias [16] [17] . The pathology involves the accumulation of neuritic plaques and neural fibre tangles (NFT). The main component of the plaques, an accumulation of an amyloid beta peptide derived from the cleavage of an amyloid precursor protein (APP), is associated with inflammation [18] , oxidative stress [19] [20], NFT formation [21] , neuron loss [22] and the overall effect is AD-related cognitive impairment [23] . The idea that ROS resulted in neurodegeneration is now well established [24] . Oxidative stress produces NFT and neuronal plaques but also affects the neuron populations [25] . Elevated ROS levels cause damage This has come to be tested by the probability that the result is not random at the statistical level of 95%, 1 in 20 or p = 0.05.
2) Strength of association Is the association strong enough to define a concern? How many individuals will suffer if the effect is real?
3) Consistency Is the association found in different studies of the same exposure? However, they must be similar studies involving the same exposures.
4) Specificity and reversibility
Is the effect specific to the putative cause? If the cause is removed, does the effect disappear? For effects which are the result of permanent damage, reversibility cannot occur. to critical components of cellular integrity, DNA, RNA, proteins and lipids [26] .
It was recently found that neuronal RNA oxidation was higher in individuals showing mild cognitive impairment than in age matched controls. Increased levels of malondialdehyde (MDA) a compound produced by oxidation of unsaturated lipids, were found in the brains of AD patients [27] and treatment with anti-oxidants reduces AD incidence in patients [28] . Thus, there is considerable evidence that ageing, caused by elevated levels of ROS, leads to dementia. Of course, the biological effects of IR are mainly through the generation of ROS [29] [30] [31] . It is these reactive ions, produced by the interaction of fast electrons with solvent water and other cellular constituents, which react with DNA and produce the genetic and genomic effects which result in cancer and the other well accepted health conditions.
Since IR exposures produce ROS and ROS affects neurodegeneration and dementia, it follows by straightforward logic that IR exposures will increase the rates of dementia through this indirect ageing mechanism. But can this be distinguished from a direct effect?
Effects of IR on the Brain
It is commonly stated that the brain has low radio-sensitivity. However, it is no longer clear that this is the case, but was an early belief arising from the association between cell replication rate in tissues and radiation sensitivity. There is significant recent evidence arising from research into the effects of cancer radio- [33] which is contrary to any belief that the brain is less radiosensitive than other tissues. The authors write that clinical responses to radiotherapy of the brain [34] . One theory is that the cellular and molecular mechanism which underlies radiation induced cognitive impairment involves alterations in hippocampal neurogenesis [35] - [40] . Data from human patients irradiated for brain tumours shows reduction in neurogenic cells [40] . Laboratory studies clearly indicate that these alterations in neurogenesis (and cognitive impairment) involve inflammation [18] [47] . Low doses can lead to cognitive dysfunction without inducing significant morphological effects [46] . In support of the effects on the hippocampal neurogenesis described above, cognitive changes produced by IR are often manifested as hippocampal-dependent functions of learning, memory and spatial information processing [48] [49] .
Some reports have suggested that cognitive impairment, including dementia can be observed in up to 50% of long term brain tumour survivors older than 50 years treated by radiotherapy [48] [49].
Epidemiology of IR and Dementia
The mechanistic arguments from the rates of dementia with age, together with the association of ageing with ROS and therefore IR-induced ROS generation, support a belief that IR is certainly a component of the cause of dementia in normal human populations exposed only to natural background radiation. Rates of dementia begin to increase only after age 64. The prevalence at ages below 64 are very low, in one study the prevalence rate for ages 45 -64 was less than 0.02%. For 64 -69 it was 1.3 and for 70 -74 it was 2.9, increasing by about double for every five years after that [50] . This suggests that the onset may be a consequence of the overwhelming of a buffer capacity for mentation and memory. This is supported by evidence showing excess risk with smaller brain size [50] . A discussion of how this might happen is presented later in this contribution.
Clearly to assess the risk of IR exposure causation, and following the methodology of Bradford Hill, the ideal experiment would be to obtain dementia incidence or mortality in populations exposed to different doses of IR. This is the • Patients exposed to radiotherapy including radiotherapy of the brain;
• Hiroshima and Nagasaki A-bomb survivors;
• Survivors of nuclear accidents;
• Nuclear workers;
• Radiologists.
Post Radiotherapy
Radiotherapy for brain tumours and other cancer and leukemia can deliver very high doses to patients who already have changes in the brain resulting from advanced tumours in the brain or elsewhere in the body. A significant fraction of patients will die a few months or years following the radiation exposure due to the failure to check the development of the cancer. In the Tucker et al. 1989 post radiation study of 52 individuals irradiated for non-Hodgkin lymphoma at St Bartholomew's Hospital in London, only 12 were alive 10 years later [51] . Accordingly, since the numbers involved in these hospital studies are small to begin with, the expected rate of incidence of dementia in any study group will be generally be too low to expect any result. Table 2 lists a selection of the main studies of dementia and related brain irradiation consequences, symptoms and signs following radiotherapy. Most of the studies could not be termed epidemiological since the ages of each individual being treated and their survival after treatment are not given except as means or medians. An example will suffice to demonstrate the problem of epidemiological power. Let us assume that the radiotherapy causes a ten-fold increase in risk. Let us take a hospital population of 50 radiotherapy patients aged 40 -50. Being generous, the incidence rate in the normal population is 50 per 100,000. This is increased by the exposure to 500 per 100,000. But since there are only 50 individuals, if we follow all of them for 5 years we would expect only 2500 in 100,000 cases or 0.025 of a case even if they all were still alive at the end of 5 years. In real studies, usually less than 20% survive to follow up. Therefore, the fact that there were no increases in dementia found in the study population, whilst descriptively graphic, really tells us nothing about the effects of the IR exposures. Similar calculations to other patient groups show much the same problem. Therefore, such studies are not useful as a means to quantify the effects of IR although they may be generally informative. What they all do show, however, is measurable and quantifiable effects both in brain morphology and in neurological and neuropsychological assessments which point clearly to measures which are associated with loss of brain function and ultimately to dementia. The issue now is hardly one where there any argument.
What is clear is that there is only one epidemiological series of studies which used a case-control approach, had measured or estimated doses in the low dose range, and which had a large enough population to draw statistically powerful C. Busby Progressive cognitive decline reported in lung cancer patients given prophylactic cranial irradiation but 41% had significant cognitive deficit at start, probably due to earlier lung radiation exposures. Mean age 59. Post cranial irradiation cognitive deficits were seen (p < 0.008) but were discarded by study as due to development of the lung cancer. 
A-Bomb Survivors
One of the problems here is that the rates of dementia increase to levels which are useful for epidemiological power only when the population age is greater than 75. The LSS study has individuals with calculated doses and age at exposure data and reports have apparently shown no significant excess risk of dementia related to dose [63] [64] [65] . The investigation of dementia was, however, restricted to a much smaller cohort (2200) of over 60 s recruited in 1950, the Radiation Effects Research Foundation Adult Health Study cohort, the AHS. The finding was that there was no radiation dose-related effect although the prevalence in the cohort was much higher than in Japan. This raises the issue of the safety of the LSS control group and the LSS studies in general. It was recently pointed out that the removal in 1973 of the unexposed control group which defined the baseline for the radiation cancer studies makes the results of the LSS epidemiology unsafe [66] . Exposures to all three "dose groups" used to obtain cancer risk coefficients included fallout from the post detonation "black rain". Studies of cancer rates using nearby prefectures as controls were carried out in 2006 and showed significant effects in all dose groups [67] . There are other epidemiological problems with the LSS study [13] [68].
Chernobyl
Survivors of nuclear accidents, in particular the Chernobyl accident, seem to show significant cognitive deficit effects in a number of studies from the Ukraine and Belarus e.g. [60] but it is difficult to filter out dementia and even more difficult to assess the individual doses, which were mostly internal. However, what we can say is that overall internal doses as calculated by the methodology of the ICRP were all below 20 mSv. At these calculated doses, according to current scientific belief, no effects of any kind should occur. However, this seems to be changing: genetic effects in birth outcomes have been reported in Chernobyl contaminated areas where the doses to populations have been lower than 2 mSv, conventionally assessed. These findings raise the issue of the safety of the ICRP methodology for internal exposures and indeed the calculation and assessment of internal radionuclide doses is currently an area of debate [13] [30] [68] . What is required here is a population where a reasonable measure of an excess radiation exposure dose can be made relative to a normal population exposed only to natural background.
Nuclear Worker Cohort
Wilkinson et al. 2000
Wilkinson et al. 2000 [57] examined causes of death in 67,976 female nuclear workers from the nuclear weapons industry. Although Standardized Mortality Ratios (SMR) for all causes combined were found to be less (69 for badged and 78 for unbadged) than the national population, the SMR for deaths from mental disorders was unusually high at 147. The national population SMR is, of course, 100. Therefore, the risk ratio for the nuclear workers for dying from mental disorders was 1.47, and they had a 47% excess risk of dying from mental disorders than the national population, even though, owing to a "healthy worker effect", their risk for all causes of deaths was about 25% lower. This unexpected finding led to a larger study which was funded by NIOSH and specifically examined deaths from dementia. The SMR was based upon 166 deaths from mental disorders including 91 from dementia.
Therefore, since 91 deaths represents a 47% excess over the expected number in a national matched population, the expected number of deaths from dementia in this population is 62 (91/1.47).This represents a highly statistically significant result. Mantel Haenszel Chi-square = 5.49 with 95% confidence intervals of 1.06 < Odds Ratio < 2.04; p = 0.019.
Sibley et al. 2003
The initial finding was then followed up in a further study of the 67,976 female nuclear workers by employing a nested case-control study which looked at the 91 dementia deaths [58] . Because estimates of exposure were only available for 14 cases and 154 controls, the methodology focused on 14 individuals who had measured doses and compared their doses to 154 controls. The effects of internal exposures were not examined since data was not available. Case control studies are generally accepted by epidemiologists as being the gold standard of investigation. Results are given in Table 3 and Figure 2 .
From data given in the paper it is a simple matter to calculate the mean life- The authors of this study conceded that the numbers of cases that they employed for the dose response study was small and proposed that a larger study be carried out as a follow-up. This was done and the number increased to 34. The study is discussed below. It should be borne in mind that, overall, the risk of dying from dementia was significantly greater in the overall nuclear worker study of Wilkinson et al. 2000 where there were 91 deaths, most of which were of those with no radiation doses recorded. This did not, of course, mean that they were not exposed either externally or internally from the higher levels of contamination found at the weapons development sites where they worked. In the current calculation, the internal exposures must necessarily be ignored. 
Sibley et al. 2006
Sibley et al. 2006 [59] was a follow-up to Sibley et al. 2003 [58] in which the same population was employed but the definition of dementia in the exposed group was extended to death certificates where dementia was listed as an existing condition or co-cause. This increased the number of cases for which doses were recorded by 20, increasing the total number of monitored individuals from 14 to 34. This increased the statistical power of the study. The results reported in the paper were: After adjusting for age first monitored and number of years monitored, a relative risk of 1.1 (95% CI = 1.0 -1.3) per 10 milliSieverts (mSv) was observed for cumulative dose. When 3 cumulative dose categories (0.0 -9.9 mSV, 10 -24.9 mSv, and 25+ mSv were employed, an Odds Ratio (OR) of 7.6 (95% CI = 2.3 -25.0) was observed for the highest relative to the lowest dose category. An OR of 3.0 (95% CI = 1.3 -7.2) for cumulative doses 10 -24.9 mSv relative to 0.0 to 9.9 mSv was also observed.
It is clear that a highly statistically significant OR of 3.0 was found for the test of highest to lowest dose category. Employing the same approach, this gives an ERR of 2.0 per 15 mSv (the mean difference of highest to lowest dose) or an ERR per Sievert of 133, about twice that obtained from the Sibley 2003 study. From the construction of the study group in Sibley 2006, we can say that this ERR is larger because it is for dementia existing at death rather than dementia as a cause of death. It is therefore closer to a measure of incidence rather than mortality.
Probability of Causation
Excess Relative Risk (ERR) is the excess risk found in an exposed group relative to that which it would have been had the group had the characteristic and illness For a mean external natural background of 0.7 mSv/year the mean dose accumulated between age 20 and age 65 is 28 mSv and 61.5 28 1000
And the probability of causation for death from radiation induced dementia is: 
This supports the speculation that background radiation exposure may be a major cause of dementia. By age 80 the accumulated dose will be 42 mSv and the PC increases to 72%. One interesting aspect of natural background exposure is that a major component of this is from the radioactive noble gas Radon. It is an interesting fact that Radon, and other noble gases, (like the Krypron-85 emitted in significant quantities by nuclear fission) have about 8-fold more solubility in chemically-defined fats than in water [70] . Thus, the hydrophobic tissue like the myelin that makes up the neural connections in brain and other nervous system tissue would be predicted on a physico-chemical basis to preferentially concentrate Radon and other noble gases. Doses from Radon depend on location and on adequate ventilation in homes affected by releases from the ground and from certain building materials.
Discussion
The question being asked here is, does ionizing radiation exposure cause or contribute to the development of dementia? And if so, can we quantify this in some way? We know that ionizing radiation exposure causes biological damage and from the studies discussed and cited above we can see that IR has profound and objectively measurable effects on brain tissue and function. Further, biological damage must affect the ageing process and so we can be sure that ionizing radiation exposure increases the rate of ageing; indeed, studies have been cited that demonstrate this. Dementia is a function of ageing, increasing rapidly from age 65.
Returning to the issue of causation, the requirements of Mill and Bradford
Hill can be applied to the evidence reviewed and discussed here.
Mill and Causation
Referring to Section 2, the Mill Canon of Agreement is satisfied from all the studies cited. All studies of IR exposures discussed show damage to the brain, but particularly the case controls studies of the Wilkinson NIOSH cohort. The
Sibley studies specifically address the Canon of Difference since that is the philosophical basis of the case-control study method, which is designed to directly compare situations in which the causal agent is present and where it is absent.
The Principle of Accumulation is more difficult to apply here specifically to dementia, but evidence that IR causes a range of illnesses may be included in a discussion of this principle. The Principle of Instance confirmation can certainly be applied to the general brain damaging effects of IR for which there is now overwhelming evidence. However, for the low dose region, we only have the nuclear worker cohort studies. As to Plausibility of Mechanism, there is no shortage of plausible mechanisms available and discussed above for brain damage and eventual dementia following IR exposure. However, the question of the different effects of very high dose and low dose exposures on dementia invites some dis- 
Bradford Hill and Causation
Bradford Hill requires that a causation finding is statistically significant. The nuclear worker studies show a highly statistically significant excess dementia risk, initially with a very large sample, some 69,000 women and 91 deaths when 62 are predicted from the national data (Chi-square 5.49 with 95% confidence intervals of 1.06 < Odds Ratio < 2.04; p = 0.019. These workers would have had a greater mean cumulative dose from external and internal IR exposures and so we cannot say exactly what the mean overall doses were. Furthermore, these were healthy workers: their SMR for all causes of death was about 0.7 and thus the real excess SMR for dementia would have been closer to 2. If we assume a mean dose of 10 mSv for the whole group, the excess risk coefficient (ERR) per Sievert over the low dose range is 100. The restriction of the study group to those with recorded doses also results in a statistically significant excess risk ( Table 3 ). The Strength of Association is sufficient to argue that this is a serious problem that is real.
Consistency cannot be found for dementia and IR in specific studies beyond the nuclear workers. The A-Bomb study results are suspect because of the removal of the true control group, but further studies of dementia in the LSS overall cohorts could be carried out using neighbouring prefectures. Regarding specificity and reversibility, permanent brain damage following high doses are accepted, and of course these are not reversible. The relationship in time requirement is fulfilled. There is a statistically significant biological gradient in the nuclear worker studies (p = 0.006). There is biological plausibility through a number of mechanisms described above. Finally, can there be an alternative explanation?
The answer, following all that has been found in the many studies of IR and brain damage, is no. There is nothing that ties together nuclear workers, Chernobyl victims and cranial irradiation patients but IR. It is time to accept that IR exposure increases the incidence of dementia through a number of mechanisms, and that the effect exists at low doses of external radiation, and probably also at low doses of internal exposures.
Towards a General Mechanistic Model for Explaining the Observations
The Persistence of Memory Model The evidence presented above from the literature shows that changes occurring in the brain that are associated with changes seen in dementia may brought about at IR exposure levels which are relatively low [14] . These are measured changes to genetic markers in the hippocampus. But at the same time, several studies have shown that the extremely high doses to the brain, following radiotherapy, seem to induce memory problems in the short term but perhaps do not seem to have the proportionate long-term effect on memory that might be expected given the low dose effects. Of course, as has been pointed out above, the Figure 3 . It is proposed that the condition arises out of an age-related and radiation-related (not independent) destruction of neurons and associated memory at a rate which exceeds replacement of memory through existing spare neuronal capacity and the production of new neuronal capacity through the hippocampus. This mechanism and its kinetic equations will be presented and more fully elaborated in a separate contribution. However, the basic discursive approach, ignoring variation in kinetic rates, is as follows and is illustrated in Figure 3 .
If the uniform rate of loss of neurons in the memory structures of the two brain hemispheres is c then ct is the number of neurons lost in anytime t after birth. Then let bt, in the same way, represent the number of new neurons created from pluripotential cells from the hippocampus and which are available for new connections to replicate memory structures.
Then let a be the total number of memory neurons in the brain at t = 0. We assume that each memory structure requires a mean number of N neurons to be connected. So, there are a/N potentially available memory structures at t = 0. Then −ct/N represents memory loss, the number of memories lost per unit time.
bt/N represents potential copying of memories to new neurons provided by the hippocampus and thus the recovery of memories through this mechanism.
Then dementia onset occurs when there is no further capacity. This is at time T when the overall memory capacity is overwhelmed:
Clearly this will be affected by (T will change):
a) The brain size to begin with at t = 0 (genetics, cranial capacity, head volume); N The number of memories used or required (intellectuals vs. farmers).
b) The efficiency and development of the hippocampus (stress, radiation, ROS, genetics).
c) The rate of damage or death of the neuronal population (radiation, ROS, trauma). The model presented in Figure 3 assumes that memory is shared between the two hemispheres, and that the reason for the evolutionary development of two hemispheres is that memory is stored as a matrix of connections between neurons. In a system like the brain, where, unlike other organs in the body, cells do not repair and replicate to sustain tissue integrity, it is not the individual cells which are important, but the system of interconnecting neurons that is important; it is the connections which represent the memory structures (Figure 3) . Clearly, then, as with the double helical conjugate system evolved to maintain DNA information integrity, there has to be a copy made by the brain somewhere which can be used to maintain the persistence of memory. This has to be the 2-hemisphere mirror system. Then when part of a specific memory is destroyed in one hemisphere, that memory can be re-instated somewhere in the same hemisphere through new connections made from the conjugate hemisphere. This explains the puzzling observation of memory recovery after massive trauma. So long as sufficient components of memory remain in the non-traumatised hemisphere, or even in parts of the 2 hemispheres, the memory will be re-constructable, will persist and in time will recover through the copying back from the undamaged hemisphere(s). Indeed, temporary memory loss which is regained in a few months is seen in those exposed to very high radiation doses. Also, in a system where it is the connections rather than the neurons that define memory and where neurons do not divide (and indeed there would be no point) there is a requirement for new neurons to be produced, and it seems that such a system exists in the hippocampus.
The possibility of this repair of memory will assume that there is spare neuronal capacity and this raises the issue of such capacity. In the model, there is assumed to be baseline number of neurons, usually far more (we assume) than will be needed in an average lifetime, though this may distinguish between those who require large amounts of memory (e.g. intellectuals) and those who do not (e.g. farmers). In addition, there is the replacement system through the activity of the hippocampus, which is likely to be regulated in some way. The failure of memory occurs, as is seen in Equation (4) when the total capacity of the available memory becomes zero as a result of a combination of neuronal destruction by ageing and therefore radiation, with insufficient or zero production of new neurons from the hippocampus.
The effects of low doses of IR on the hippocampus have been measured: they are mediated not by damage, but by induced alteration in activity [14] . These changes must be regulatory, and their purpose is not clear. However, they are seen, and have similar characteristics to changes seen in dementia patients, and so it is easy to argue that they are associated with a reduction in the production of the pluripotential cells necessary to compensate for the rate of loss of neuronal memory.
Conclusion
There is now sufficient mechanistic and epidemiological evidence to accept that exposure to external ionising radiation at low doses < 100 mSv is a risk factor for dementia. A linear risk coefficient of 60 per Sievert for dementia mortality over the range 0 -100 mSv is deduced from nuclear worker studies. On this basis, lifetime cumulative external ionizing radiation dose is a predictor for development of dementia in human populations and a mechanism which predicts and explains the main observations has been proposed.
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